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ABSTRACT
This supplementary report to Technical Report 116 (Risser, 1972) develops
additional aspects of plant productivity on the Dickinson Site during the 1970
season and describes quantitatively the energetics of the ecosystem on the
grazed and ungrazed treatments at this site. Standing crop production was
determined on grazed and ungrazed treatments on the basis of community peak
standing crop, species peak standing crop, and the sum of positive growth
increments, On the grazed treatment the species peak and the positive growth
increment production estimates were both greater than the production estimate
‘obtained from the community peak data. In this case, the species peak esti-
matg.was 19.4% greater than the community peak estimate, while the positive
increment estimate was 44.4% greater than the community peak estimate. On
the ungrazed treatment the estimate based on species peaks was 10.5% greater,
and the positive growth increment estimate 27.2% greater than the community
peak production est}mate. On the basis of the variability in the production
data, the positive growth increment msthod of estimating production did not
seem to be valid, There did seem to be considerable justification for the
use ofls;ecies peak standing crops for the estimate of total community pro-
duction,
]
Rates of above- and belowground production were also evaluated, with

maximum aboveground production rates being obtained during the third week

in June under both grazing treatments., Major belowground production took

place at approximately the same time on both treatments as did major above-

ground production,
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Energy budgets for both treatments were developed using plant production
data, precipitation and soil water values, soil heat flux data, and net radi-
ation values. On a percentage basis, the grazed treatment net energy utilized
was plant production, 0.79%; evapotranspiration, 57.57%; soil heat flux, 0.14%;
and sensible heat, 41.50%. On the ungrazed treatment equivalent values were
plant production, 1.04%; evapotranspiration, 50.77%; soil heat flux, 0.42%;
and sensible heat, 47.77%. In the early part of the season evapotranspiration
demands on the grazed treatment were so heavy that part of the energy used in
the phenomenon was taken from the ambient air. On the ungrazed treatment there

was no indication that advected heat was used in the energetics of the system.



INTRODUCTION
This supplementary report to Technical Report No. 116 '"Primary Pro-
ductivity and Abiotic studies at the Dickinson Site, 1970 Season,' (Whitman,

1971) has been prepared to develop some additional aspects of the plant

productivity pattern on the site during the 1970 season and to attempt to
describe quantitatively the energetics of the ecosystem under the ungrazed
and grazed treatments during the 1970 season. The increments of plant
production and loss on both treatments have been calculated from basic data
and the positive increments of standing crop production have been assembled
and summed; the results of the three systems of determining total plant
production, i.e., peak community biomass, peak species biomass, and the sum
of pogﬁtive growth increments by species have been contrasted for the two
grazing treatments on the site,

Water balance data for both the ungrazed and grazed treatments are
presented for the 155-day observation period in 1970, The soil heat balance
data are calculated ?rom soil temperatures and from periodic soil water
values'throughout the season. The final summation of site data is presented
in the form of energy budgets of the two treatments calculated from plant
production, seasonal precipitation, soil water changes, soil heat changes,
and energy exchanges based on net radiation and caloric values (gains and
losses of heat through soil-atmosphere interactions). Finally, a brief
consideration of the validity of the energetics interpretation applied to

the 1970 data from the Dickinson Site is included.



SEASONAL STANDING CROP PRODUCTION

Basic data on primary production on the ungrazed and grazed treat-
ments at the Dickinson Site in 1970 were given in Whitman (1971). These
data are included (Appendix Tables 1 and 2) in the present report for
purposes of reference, and all data on production presented in this report
have been derived from those two tables' basic material.

Tables 1 and 2 give the increments of production and loss of standing
crop occurring on the ungrazed and grazed treatments at the different dates
of clipping throughout the 1970 season. The data were treated as though
the gain and loss increments are valid, even though the calculations of
error as provided by the Grassland Biome statistical laboratory indicate
that such is frequently not the case. A comparison of the yield data with
the phenological observations made on the site indicate that grass produc-
tion, with some exceptions, was complete on both treatments by August 4.

On the ungrazed treatment Agropyron smithii made some slight additional
growth of fruiting stalks, as did Bouteloua gracilis, after this date; and
Calamovilfa longifolia, with its late growth habit, made additional produc-
tion of both leaves and stalks with maximum standing crop of this species
being reached about mid-September. On the grazed treatment both Agropyron
smithii and Bouteloua gracilis made some production after August 4, again
primarily in the form of increased growth of fruiting stalks.

The major source of the relatively large increments of standing crop
production late in the season on both sites, however, is in the development

of late perennial forbs. On the ungrazed treatment the principal forb
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involved in late biomass production was Artemisia ludovieiana (Table 1),
although some other late forbs also contributed, notably Liatris punctata.
On the grazed treatment Artemisia ludoviciana was of little importance and
most of the late forb production was made by such perennial species as
Chryeopsie villosa, Liatris punctata, Lygodesmia juncea, and Artemisia
frigida. On both the ungrazed and grazed treatments the principal contri-
bution to late growth was thus made by the perennial forbs as shown by

the data of Table 1, where Artemisia ludoviciana and other perennial forbs
showed a positive growth increment of 52.6 g/m2 for the September 17 clipping
and by Table 2 where the other perennial forbs and A. ludovieiana showed a
positive Tncrement of 23.0 g/m2 for the same clipping.

The largest increments of production under both treatments were made
during the early part of the season as would be expected. The largest above-
ground production increment on the ungrazed treatment occurred during the
period between June 11 and June 24. The increment on the ungrazed treatment
for this period was B1.7 g/mz. On the grazed treatment a production incre-
ment of 51.6 g/m2 occurred during the May 26 to June 10 period, the greatest
individual production increment of the season on this treatment. The data
of Table 2 indicate that the bulk of the standing crop production on the
grazed treatment was made somewhat earlier than on the ungrazed treatment
(Table 1).

Significant losses of standing crop material began to appear after
July 22 on both treatments. Really serious losses of plant material did
not become apparent, however, until after the September 17 clipping. The

last clipping of the season, made about the middle of October, showed that
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substantial losses of standing crop material had occurred under both treat-
ments between mid-September and the time of the last clipping.

The overall production of aboveground standing crop under the two
treatments at the Dickinson Site can be characterized as follows, Growth
began in late April under both treatments, with the bulk of the standing crop
being produced prior to June 24 and with grass production being largely
completed by August 4, Grass production began somewhat ear]ier on the grazed
treatment than on the ungrazed treatment., Late season production on both
treatments largely resulted from the development of late perennial forbs.
Production increments for the first two periods of growth, as determined
from the quadrat clippings, were greater on the grazed treatment than on the
ungrazed treatment, Later growth increments were generally greater on the
ungrazed treatment than on the grazed treatment.

Los?es of standing crop material began to appear as early as mid-July,
but seriocus losses of standing crop material (current season's production)

did not take place until after mid-September.

COMPARISON OF STANDING CRQOP PRODUCTION
Table 3 presents the summation of positive increments of standing crop
production on the ungrazed treatment as derived from the data of Table 1.
The same summation for standing crop production on the grazed treatment is
given in Table 4 with the increments derived from the data of Table 2.
The sum of the positive production increments by species on the ungrazed
treatment was found to be 407.0 g/mz, while the sum of the positive increments

by species.bn the grazed treatment was 303.2 g/mz.



Table 3. Summation of positive increments of production of standing crop
on the ungrazed treatment (1) at the Dickinson Site, 1970 season,

in g/m2.
Positive Increments Sum of
Species Positive
1 2 3 I 5 6 7 Increments
Grasses
Agropyron smithii 4.0 3.4 19,1 5.1 6.6 0.8 -- 39.0
Bouteloua gracilis 1.2 3.6 5.6 9.0 6.5 8.5 0.9 35.3
Calamovilfa longifolia 3.3 4.5 1.0 1.1 6.7 13.4 == 30.0
Carex eleocharia 1.7 5.8 3.8 3.8 7.3 -- -- 22.4
Stipa comata 26,2 7.6 15.8 27.8 23.# 17.5 0.4 118.7
Miscel laneous ‘grasses 5.8 0.1 2,9 1.1 0.8 ~-- -- 10.7
Forbe

Artemisia ludovieiana 2.6 9.3 6.8 1,2 17.8 6.3 40.4 84.4

All other forbs 1.5 3.0 23,5 7.1 19,2 12,2 ~-- 66.5

TOTALS N 407.0
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The data of Tables 3 and 4 illustrate some significant differences in
the species composition of the standing crop production on the ungrazed and
grazed treatments. Stipa comata showed a positive growth increment total of
118.7 g/m2 on the ungrazed treatment and only 59.0 g/m2 on the grazed treatment.
In contrast, Bouteloua gracilis showed a positive growth increment total of
72.5 g/m2 on the grazed treatment and only 35.3 g/m2 on the ungrazed treat-
ment. Calamagrostis montanensie and Koeleria cristata made significant
contributions to standing crop only on the grazed treatment, while Calamovilfa
was important only on the ungrazed treatment. Artemigia ludoviciana was an
important contributor to yield only on the ungrazed treatment, although other
forbs contributed substantially on both treatments. Total forb production,
calculated on the basis of positive growth increments, was nearly twice as
great on the ungrazed as on the grazed treatment, mainly because of the contri-
bution of A. ludovieiana.

Table 5 compares total aboveground standing crop production on the two
treatments as determined on the basis of community peak standing crops, species
peak standing crops, and sum of the positive production increments. On the
ungrazed treatment total standing crop production at community peak standing
crop was 319.9 g/mz; based on species peaks the total was 353.6 g/mz, and on
the basis of species positive growth increments the total was 407.0 g/mz.

Thus, on this treatment the estimate based on species peaks was 10.5% greater
than the community peak estimate, while the estimate based on positive growth
increments was 27.2% greater than the community peak estimate.

The community peak estimate on the grazed treatment was 209.0 g/mz;

the estimate from species peaks was 250.7 g/mz, and the estimate from the
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positive growth increments was 303.2 g/mz. The species peak estimate was
19.4% greater than the community peak in this case, while the positive incre-
ment estimate was 44,4% greater than the community peak estimate.

In view of the errors involved in the determination of production from
periodic clippings as made in this study, there would seem to be tittle
justification for the use of the positive growth increments as a basis for
the estimate of total net standing crop production. However, the clipping
data do show rather definitely that different species reach peak production
at different times during the season. On this basis, there does seem to be
considerable justification for using the species peak standing crops for the
estimate of total community production. The fact that percentage increase
in the estimate of total net standing crop production from species peaks
rather than from the community peak was greater on the grazed treatment
than on the ungrazed treatment may be a reflection of a tendency for the loss
rate from vegetation to be greater on the grazed site than on the ungrazed

site.

PRODUCTIVITY RATES
Daily productivity rates have been calculated from the basic data, and
the calculated rates for the ungrazed treatment are given in Table & while
the rates for the grazed treatment are given in Table 7., The data are given
as grams per meter squared per day (dry weight) of plant material. Approximate
dates of beginning of growth for the different species are given to provide
a base for the calculation of the production rate prior to the first clipping

on May 25. Loss rates from standing crop are represented by negative values.
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In interpreting the tables it should be remembered that the periods between
clippings are not all of equal length., The first period to May 25 varies

in length according to species from 6 days to 36 days. The last two periods
are each 30 days in length., The periods between May 26 and August 4 are
each 14 days in length or within a day, more or less, of the 14-day period.

The maximum rate of aboveground standing crop productivity on the ungrazed
treatment occurred during the period June 11 to 24, with an average rate of
5.84 g/mZ/day for the 2-week period. The maximum productivity rate was
achieved on the grazed treatment during the same 2-week period, with the
rate recorded at 3.48 g/mzlday. On the grazed treatment the production rate
of the previous 2-week period (May 26 to June 10) of 3.44 g/mz/day was very
nearly equal to the maximum rate recorded for the following 2-week period,

On the ungrazed site, however, the 2,40 g/mZ/day production for the May 25 to
June 10 period was less than half the rate recorded during the pericd of
maximum production.

The relatively high productivity rates on the total community basis
continued on the ungrazed treatment until mid-September as shown by the data
of Table 6, These rates were maintained at relatively high levels late
into the season primarily because of the late production of Calamcvilfa
longifolia and the perennial forb components. During the last 30-day period
from September 18 to October 17, the daily loss rate was very high (2.58 g/mZ/
day) on this treatment. Positive community production rates also continued
into the latter part of the season on the grazed treatment, although they
were not as high for the most part as were the rates on the ungrazed treat-
ment, No one species or group on either treatment showed positive production

rates for all clipping periods.
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Beiowground biomass data are given in Tables 33 and 34 (Whitman, 1971).
These data show that major belowground production took place at approximately
the same time on both treatments as did major aboveground standing crop
production, Data from the ungrazed treatment show positive belowground
growth increments of 35.1 g/m2 on the June 15 sampling date, 679.1 g/m2 on
June 25, 58.6 g/m2 on July 10, and 160.4 g/m2 on July 19, On the grazed
treatment only one positive belowground production increment was recorded,
an increment of 606.1 g/m2 on the June 25 sampling date. |t would appear
that actual root production was substantially less on the grazed treatment
than on the ungrazed treatment, even though the seasonal average belowground
biomass on the grazed site was 2,519.1 g/mz, 56% more than the 1,613.9 g/m2
average of belowground biomass on the ungrazed treatment.

The productivity rates of the belowground biomass have not been included
in the data given in Tables 6 and 7, However, if the productivity rates of
belowground production were added in the major production periods in June,
the productivity rates for these periods on both treatments would be greatly
increased. On the ungrazed treatment the increment of production (679.1
g/mz) would represent the growth for the period of June 11 to 24. For the
14-day period this represents a productivity rate of 48.5 g/mzlday, vastly
greater than any of the aboveground production rates, The growth increment
for the period May 26 to July 11 could be considered the 35.1 g/m2 increment,
which represents a productivity rate of 2,34 g/mzlday.

The positive increment of root growth recorded for the grazed treatment

occurred between June 15 and June 25. This increment could therefore be



-16-

assigned to the June 11 to June 24 period, and would represent a belowground
biomass production rate of h3.29 g/m2/d3y~-many times that of any of the
rates recorded for the aboveground standing crop.

Rates of aboveground standing crop production have been converted from
grams per meter squared to calories per centimeter squared per day. The data
derived from this conversion are given in Table 8. In this calculation only
the positive increments of production have been used, and the components of
production have been grouped into grasses and sedges, forbs, and community
totals. The caloric value used in making this conversion was the average of
the values for plant materials on the site during the 1969 season. This
value was 4,440 cal/g. The data from which this factor was calculated are
given in Appendix Tables 3 and 4 of this report.

As would be anticipated, the maximum daily rate of calorie production
occurred during the June 11 to 24 period. Total community production on the
ungrazed treatment averaged 2,46 cal/cmzlday for this period and 1.76 cal/cmzl
day on the grazed treatment. The greatest rate of grass production occurred
during the same period on both treatments., The caloric productivity values
obtained in the 1970 season were not as high as some that were obtained on
the site in other seasons for the aboveground standing crop. They were,
however, greater than the maximum daily productivity rate of 1.47 cal/cmZ/day
obtained from the ungrazed treatment in the 1969 season.

It seems reasonable to assume that higher rates of aboveground production
would be revealed by more frequent sampling, possible by stepping up the
sampling frequency to one sampling per week rather than one every 2 weeks.

Very rapid growth periods do occur in June and early July, and these should
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be capable of adequate characterization, providing sampling Is adequate. It
seems consistent with reported data that at certain times, production rates of

5 to 10 cal/cm’/day might be detectable (Moir, 1969).

ENERGY RELATIONS
Energy budgets for the two treatments have been worked out for the 1970

season at the Dickinson Site using the formula
Rn =S +P+E+A

where Rn = net radiation, S = soil heat flux, P = net plant production, E =
evapotranspiration, and A = sensible heat or ambient air heat flux. All data
have been converted to cal/mz. On the site, direct measurements were made of
net radiation and of plant production, within the limits of error. Soil heat
flux was calculated from soil temperature and soil water changes over the
observed periods. Evapotranspiration was calculated from precipitation
measurements and soil water determinations. Ambient air energy flux was taken
as the difference between Rn and the sum of S, P, and E. Obviously, certain
errors enter into broad-scale calculations such as these.

Water balance data for the ungrazed and grazed treatments are given in
Tables 9 and 10. The final calculations given in these tables represent the
energy utilized in evapotranspiration on the two treatments in the 1970
season. Slatyer {1967) gives the formula for the determination of evapotrans-

piration (E) by the water balance method as

E = Pr +U-0-D-~- AW
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where Pr = precipitation, U = unsaturated flow into the root zone, 0 = surface
runoff, D = drainage through percolation, and AW = the change in water content
of the soil over the period of observation. in these calculations precipita-
tion was measured and the change in soil water content was determined. The
U, 0, and D determinations were considered negligible on this site. Volumetric
s0il water content under the two treatments was calculated from percent soil
water and bulk density data. Values for these calculations to a depth of 120
cm are given in Table 6 (Whitman, 1971).

Precipitation on the site totaled 266.41 mm during the 155-day observa-
tion period. Periods of major precipitation occurred during June 11 to 24
and July 23 to August 4. A total of 415.91 mm/cm2 of water was lost by
evapotranspiration from the ungrazed treatment (Table 9), representing
utilization of 246,635,000 caI/mz. A major period of water loss on the
ungrazed treatment occurred between July 9 to 22 when 94,840 g/m2 were
evaporated, indicating an energy utilization of 56,240,000 cal/m2 or
4,017,400 cal/m?/day.

It was assumed that precipitation on the grazed treatment was the same
as on the ungrazed treatment. Evapotranspiration losses on the grazed
treatment totaled 427.21 mm/cm2 or 427,210 g/mz, a total energy utilization
of 253,336,000 cal/mz. Energy utilized in evapotranspiration on the grazed
treatment was thus about 3% greater than on the ungrazed treatment. Maximum
evapotranspiration loss on the grazed treatment occurred during the period
June 11 to 24, when losses totaled 115,680 g/m2 over the lh-day period. This

represented an average energy utilization of 4,899,850 cal/mzlday.
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Soil heat flux has been calculated by considering the water fractions
and the mineral fractions of a soil column 1 cm2 and 120 cm deep as separate
entities, a procedure suggested by Munn (1966). Changes in heat balance in
this postulated soil column were calculated from changes in average tempera-
tures, and water content of the soil column with temperatures taken from the
soil profile temperature values given in Tables 15 and 16 in Whitman (1971).

The data for the heat balance of the water fraction of the soil columns
on the ungrazed and grazed treatments are given in Tables 11 and 12, The
data of Table 11 show a net heat loss for the entire observation period for
the water fraction on the ungrazed treatment of 409,000 cal/mz. The grazed
treatment shows an equivalent loss of 1,097,000 cal/m2 for the same period
(Table 12),

The data for the heat balance of the mineral fractions of the soil
columns on the ungrazed and grazed treatments are given in Tables 13 and
14, In making these calculations a constant specific heat value of 0.25
cal/g of soil mineral material was used (Baver, 1956). The heat balance for
the mineral fraction of the soil on the ungrazed treatment showed a positive
balance of 2,433,000 cal/m2 over the 155-day period of observation, while
the mineral fraction heat balance on the grazed treatment showed a net loss
of 1,728,000 cal/m2 over the same period. The average temperature of the
soil column on the grazed treatment was appreciably higher throughout the
season than the average temperature of the soil column on the ungrazed
treatment (Whitman, 1971).

The complete energy budgets for the ungrazed and grazed treatments

are given in Tables 15 and 16. In these tables the net radiation values are
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taken from the measured values as given in Whitman {1971, Tables 17 and 18)

Plant production values were calculated from the positive increments of above-

ground standing crop production plus the positive increments of belowground

biomass production, Evapotranspiration data are from the water balance cal-

culations given in Tables 9 and 10. Soil heat flux data have been obtained

from the algebraic summing of heat flux data for the water fractions and

the mineral fractions of the soil columns as given in Tables 11, 12, 13, and

14,

The data show that over the 155-day period total energy absorbed on the

ungrazed treatment was 10.4% greater than on the grazed treatment. Most of
the additional energy absorbed went to heating the ambient air, although a
small fraction of it went into plant production and into stored soil heat.
On the grazed treatment energy utilized in evapotranspiration was slightly
greater than on the ungrazed site. |In the early part of the season evapo-
transpiration demands on the grazed treatment actually resulted in part of
the energy for this operation being derived from the ambient air. On the
ungrazed treatment there is no indicafion that advected heat from the air
was used in the energetics of the system.

By far the largest utilization of energy on the two treatments was in
evapotranspiration and in the heating of the ambient air. 0On a percentage
basis the following utilization of net radiation occurred on the ungrazed
treatment over the observation period: plant production (1.04%), evapo-
transpiration (50.77%), soil heat flux (0.42%), and sensible heat (47.77%).
On the grazed treatment equivalent values were plant production (0.79%),

evapotranspiration (57.57%)}, soil heat flux (0.14%), and sensible heat (41

.50%).
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Certain aspects of the energy budget on the grazed treaﬁment are espe-
cially interesting in attempting to determine whether important differences
between the energy budgets on the ungrazed and graied treatments do exist.
Total net radiation was less on the grazed treatment than on the ungrazed
treatment (Tables 15 and 16). The question could be ralsed as to whether
this is a real difference., The basic net radiation data were examined in
some detail, and it was found that reradiation from the grazed treatment
was greater at niéht than from the ungrazed treatment. The assumption would
logically be that reradiation was also greater during the day, although there
is no way to verify this from the data available from the site. The evidence,
while not positive, does seem to suggest that the grazed treatment lost more
heat by reradiation than did the ungrazed treatment, which would account for
the lower net radiation values on this treatment.

The energy losses in evapotranspiration on the grazed treatment in the
early part of the season were much greater than the losses on the ungrazed
treatment, From the data given in Table 16 it would appear that in the May 16
to 25 and June 11 to 2L periods the energy requirements for evapotranspira-
tion were greater than the total net radiation and that advected heat from
the ambient air was necessary to provide the energy needed. The question
could be raised as to whether this situation was real, or whether it resulted
from errors in soil water determinations. The use of advected heat to provide
energy for evapotranspiration losses has been noted before on the site, and
it seems probable that the picture of evapotranspiration energy requirements
on the grazed treatment is reasonably realistic. However, the possibility
of error cannot be ruled out. Fortunately, the data from the 1971 season,

taken under an essentially similar situation, may be useful in clarifying
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this picture. The data from this pdst season's study are only now being

assembled and will not be available until early in 1971.

OTHER DATA

Relative humidity data taken during the 1970 season at 15 cm above
the soil surface and 1 m above canopy height on both the ungrazed and grazed
treatments are on file at the Botany Department, North Dakota State University.
From these data vapor pressure deficits have been calculated, and these alsc
are on file. These data will be provided on request to anyone who may have an
interest in them. |

Total incoming radiation data (Eppley pyrheliometer).are taken as a
matter of routine at the Dickinson Site. Unfortunately, during the 1970
growing season faulty_operation of the recorder resulted in only a fragmentary
record being obtained. The record, such as it is, can be made available.

The 1971 abiotic_data and the primary productivity data from the
Dickinson Site should be summarized by April of 1972, These data will be

supplied to Grassland Biome cooperators on request.,
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Appendix Table 4. Caloric content of root mass in calories per gram

ash-free dry weight and percent ash.éf

Depth (cm) June 11 June 24 July 10 July 22 Aug. 8 Aug. 25 Ash (%)

0 to 15 3830 3944 3511 3751 ho32 3853 45.5
15 to 30 3270 4457 2731 h106 k57 3621 51.4
30 to 45 3678 4139 2813 3322 3686 3579 50.5
45 to 60 2926 3823 2375 2741 3207 3347 50.5
60 to 90 2841 4248 2051 3074 3790 3266 54.3

— Caloric contents are from single determinations and percent ash
was determined for duplicate samples,
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